This study aims to analyze and summarize the imaging features of spinal atypical teratoid/rhabdoid tumors (AT/RT) in children.
Introduction
Atypical teratoid/rhabdoid tumor (AT/RT) is a rare and aggressive type of embryonal tumor of the central nervous system (CNS) occurring in childhood. AT/RT represent brain tumor in early children, which is the most common CNS primary malignant tumor in children <6 months old. [1] [2] [3] [4] In recent years, reports on craniocerebral AT/RT have gradually increased in China and foreign countries. [5] [6] [7] It compose predominantly of poorly differentiated elements frequently with rhabdoid cells and characterized by biallelic loss of function alterations of SMARCB1, which encodes the hSNF5/BAF47/INI-1 subunit of the SWI/SNF chromatin remodeling complex, and more rarely SMAR-CA4, which encodes the SWI/SNF subunit BRG1. INI-1 is located on chromosome 22q11.23, loss of immunohistochemical expression of INI-1 protein is sensitive and specific to diagnosis of malignant rhabdoidtumora. [8, 9] There is presently no standardized treatment regimen for AT/ RT. Historically, AT/RT has been treated with surgical resection alone. However, more recent studies have demonstrated similar benefits of adjuvant chemotherapy. [10, 11] Complete surgical resection can often be challenging due to young age at diagnosis and tumor location in the brain. In addition, most physicians avoid radiation in very young children due to severe neurocognitive late effects. Intensive chemotherapy regimens are currently under study, but no standard chemotherapy regimen exists for these patients. [3] Despite prolonged survival, overall mortality exceeds 60%, and most affected children suffer from long-term neurocognitive and developmental impairments. [12] Retrospective data highlight the highly malignant nature of this disease with observed survival estimates at 1 year of 50%. [13, 14] However, all these studies mainly focused on the description and summarization of the clinical features of intracranial tumors, and few reports on AT/RT focused on imaging features of the spine. [15] [16] [17] Therefore, the imaging and clinical data of 8 children with spinal AT/RT confirmed by surgical pathology were collected and analyzed. The investigators summarized the features of spinal AT/RT, to improve the diagnosis accuracy and reduce misdiagnosis.
Materials and methods

Clinical data
The study is a retrospective cohort research. Patients enrolled in the study were from South China and were diagnose in Guangzhou Women and Children's medical center, which is the largest children's hospital in south China. The range of spinal AT/RT imaging and clinical data was from January 2008 to April 2018.
The inclusion criteria were pathological diagnosis of spinal cord AT/RT and primary location at spinal cord. The exclusion criteria were intracranial masses were significantly larger than those in spinal cord; spinal cord lesions were found after intracranial AT/RT treatment.
Clinical data including age (onset of the symptoms), sex, clinical symptoms, neurological examination, symptoms till the moment of the spinal MRI scan and treatment, were summarized and analyzed.
The present study was approved by the Ethics Committee of our hospital. An informed consent was signed by the guardians of all children before the examination.
Examination methods
Before the computed tomography (CT) and magnetic resonance imaging (MRI) examinations, all children fasted for 3 to 4 hours, and orally took chloral hydrate (0.5 mL/kg) for sedation. Then, the examination was performed after the children slept.
Eight children underwent whole spine non-enhanced and enhanced MRI scans. The Siemens Skyra 3.0T Germany AG Erlangen, superconducting MRI system was used for the MRI examination. The scanning of the spinal cross-section and sagittal section was conventionally performed in all children, and coronal scanning was performed in part of these children. The contrast agent was Gd-DTPA, and the dose was 0.2 mL/kg. The scanning parameters were as follows: T1WI: repetition time (TR) was 600 ms, and echo delay time (TE) was 8.8 ms; T2WI: TR was 3500 ms, and TE was 109 ms; the thickness of the scanning slice was 3 mm, and the gap between slices was 3 mm; the field of view (FOV) was 33 Â 33 mm.
Five children underwent head non-enhanced and enhanced MRI scans, and the scanning instrument was ibid. The scans of the cross-section, coronal section, and sagittal section were conventionally performed. The scanning parameters were as follows: T1WI: TR was 500 ms, and TE was 10 ms; T2WI: TR was 4000 ms, and TE was 100 ms; the thickness of the scanning slice was 5 mm, and the gap was 1 mm; the FOV was 240 Â 240 mm.
One child underwent total abdominal CT non-enhanced and enhanced examinations, 1 child underwent sacrococcygeal CT non-enhanced and enhanced examinations, and 2 children underwent craniocerebral CT non-enhanced and enhanced examinations. The Toshiba Aquilion 64-slice spiral CT was used for the upper abdominal and craniocerebral CT examinations. The scanning parameters were as follows: tube voltage was 120 kV; tube current was 200 mA (head) and 70 mA (upper abdomen). The upper abdominal enhanced scan was performed with iohexol or iopromide, and the dose was 1.5 mL/kg.
Image analysis
The following imaging findings from the MRI and CT were observed by one chief radiologist and one deputy chief radiologist: lesion location (scope of involvement, spinal segment), shape, size, maximum diameter plane, signal (density), bleeding, enhancement characteristics, intracranial manifestation, invasion (surrounding and/or sacral invasion), and metastasis.
The results were agreed upon by the 2 radiologist.
Pathological biopsy and immunohistochemistry
Seven patients underwent mass resection and 1 patient underwent biopsy. All the specimens were used for pathological examination (gross and microscope) and immunohistochemistry (INI-1, GFAP, Ki-67, and EMA).
Results
Clinical data
Eight patients confirmed by pathology were retrospectively analyzed. Among these 8 children, 3 children were boys and 5 were girls (male:female = 3:5). The age (onset of the symptoms) of these children ranged within 2 to 5 years old, with a mean age of 3 ± 0.5 years old. The clinical symptoms of these children mainly manifested as cauda equina syndrome (8/8) , with the most obvious changes in the lower extremities. Among these 8 children, weakness in the lower limbs and reluctance to walk were found in 5 children (5/8), while pains in the lower limbs were found in 3 children (3/8). Furthermore, urinary retention was found in 2 children (2/8), urinary incontinence was found in 1 child (1/8), headache was found in 2 children (2/8), fever was found in 1 child (1/8), and vomiting was found in 1 child (1/8). Neurological examination revealed that all 8 children had decreased lower limbs myodynamia (from grade 0 to grade 4) and had no other neurological positive signs.
The course of the disease varied within 5 to 90 days, and the mean duration from the onset of symptoms to the moment of the spinal MRI scan was 30.6 ± 22.2 days. All children were hospitalized for examination after onset of symptoms without special treatment.
3.2. Imaging manifestation 3.2.1. Scope of involvement of the tumor and the location. According to the presence of soft tissue masses in the paraspinal region, tumors were divided into 2 types: Type I: this tumor is confined to the spinal canal. A total of 5 children (cases 1-5) had this type of tumor, accounting for 62.5% (the tumor was in the epidural space in one child, while the tumor was in the subdural space in 4 children). Type II: These tumors invaded the paravertebral tissue and vertebral canal (the tumor was in the right paravertebral region in 2 children, while the tumor was in the left sacrococcygeal region in 1 child). In 3 children (cases 6-8), tumor origin could not be distinguished, accounting for 37.5%. Among these children, the tumor affected the epidural space in 2 Tumors usually affected the junction of the thoracolumbar spinal cord (7/8, 87.5%). In 1 child, only the lumbar spine was affected and the range of involvement is long. In 7 children, tumors affected >3 segments of the spinal cord, and averagely affected 4.8 segments of the spinal cord. In 1 child, the tumor affected 2 segments of the spinal cord. In 1 child, the lesion presented with skip growth in the neck segment, lower thoracic segment of the spinal cord, and the lumbar and sacral canal (case 2). Total spinal cord metastasis was observed in 1 child (case 5) ( Table 1) .
3.3. The shape, size, maximum diameter plane, signal (density) and characteristics of the enhanced tumor 3.3.1. Shape and size. Intraspinal tumors in 5 children manifested as nodular (1 child) or long-strip (4 children) masses, and the longest axis of these long strip lesions grew along the vertical axis of the spinal cord. The size of the tumor was 0.4 to 6.0 cm, and the maximum diameter was the upper-to-lower diameter, which was significantly larger than the transverse diameter and anterior-to-posterior diameter (Table 2 ). Tumors in 3 children were lobulated, which destroyed the ipsilateral intervertebral foramen and affected the sacral canal. Fig. 2A ). The internal density was even, the CT images did not show any sign of bleeding, and the enhanced scan exhibited a mild-to-moderate enhancement (the CT value increased by 8 HU/11 HU, Fig. 2B ).
One child was negative in the brain CT result (the MRI result was also negative). A slightly higher density nodular shadow could be observed in the lateral side of the medulla oblongata in 1 child (Fig. 1D ).
Signal of Magnetic resonance imaging.
The signals were uneven in the tumors. T1WI mainly presented with isodensity signals (compared with spinal cord signals) in 5 children (Fig. 1A) , and mainly presented with slightly high signals in 3 children (Fig. 3A) . Furthermore, T2WI mainly presented with Table 2 Image findings and immunohistochemistry of spinal AT/RT in children's spine. com slightly higher signals in 6 children (Fig. 3B) , and mainly presented with iso-signals in 2 children. Irregular punctiform, linear, and patch-like subacute or obsolete bleeding signals (hemosiderin ring) were found in the tumors and their margins (Fig. 1B) . The enhanced scan revealed that the patterns of tumor enhancement varied: obvious enhancement was found in 4 children (Fig. 1E) , while mild to moderate enhancement was found in 4 children (Fig. 3C) .
Intracranial manifestation
Signs of hydrocephalus, such as supratentorial ventricular system dilatation, occurred in 3 children (the enhanced MRI scan revealed no definite metastasis signs, Fig. 3D ).
Intracranial scans showed multiple nodules in brain stem and cerebellum, with T2WI higher signals and T1WI lower signals. Intracranial meningeal scan showed intense enhancement in pia mater especially in flair-enhanced imaging.
3.5. Surrounding invasion and metastasis 3.5.1. Surrounding invasion of tumors. Spinal meningeal enhancement around the tumor was observed in 6 children (75%), while 4 children (50%) were complicated with bilateral nerve root enhancement. In 1 child, the tumor grew around the spinal cord, which resulted in swelling of the spinal cord, and presented with uneven signals. In 3 children, the tumors destroyed the intervertebral foramen and grew in the sacral foramen (Fig. 2B) , forming soft tissue masses in the paravertebral tissues and hips.
Sacral invasion.
When the primary tumor was not contiguous to the sacral tumor, we defined as sacral invasion. Five children showed sacral invasion. In 2 children, since the tumors invaded/located in the sacrococcygeal region, it could not be distinguished whether the tumor was derived from invasion or metastasis. In 3 children, the manifestations were that the tumors filled the sacral canal (Fig. 3C) , thickening/swelling of the cauda equina (Fig. 1E) , or blood accumulation in the sacral canal occurred, and the nerve of the cauda equina was mostly unclear.
Tumor metastasis and recurrence
The tumor recurred in 1 child at 1 year after the operation (Fig. 2C-E) . Furthermore, the tumor recurred and craniocerebral metastasis occurred in 1 child at 1 month after the operation (Fig. 4A-C) . The sizes of these recurrent and metastatic tumors were significantly larger than those of the primary lesions. The remaining 6 children were lost to follow-up at 3 months after operation.
Pathological manifestations
The tumor masses were roughly fish flesh-, jelly-, or tofu jelly-like, and all presented with bleeding. Under a microscope, the tumor cells had various morphologies and were densely distributed, and obvious hemorrhagic necrotizing and striated muscle-like cells could be observed (Fig. 1F-G) .
Immunohistochemistry: Anti-oncogene integrase interactor 1 (INI-1) was negative in 8 children (Fig. 3E) . Vimentin was positive in 4 children. Glial fibrillary acidic protein (GFAP) was positive or focally positive in 6 children. The expression of cell proliferation marker (Ki-67) was 30% to 80% in 7 children, and <5% in 1 child. Acidic calcium binding protein 100 (S-100) was positive or partially positive in 6 children. Epithelial membrane antigen (EMA) was positive or partially positive in 5 children (Table 2 ).
Discussion
Malignant rhabdoid tumor (RT) is a rare invasive tumor with high malignancy, which mainly occurs in infants and young children. According to the anatomic site of the tumor, RT can be roughly divided into the 3 types: malignant rhabdoid tumor of the kidney (MRTK), atypical teratoid/rhabdoid tumor (AT/RT), in the central nervous system (CNS), and extrarenal extracranial rhabdoid tumor (EERT). [18] Although spinal AT/RT is a rare tumor in children, base on what we find in the present study, we can diagnose correctly or at least not miss it before surgery.
Epidemiology and clinical manifestations
AT/RT is the most common CNS malignant tumor in children <3 years old, [19, 20] which accounts for 2% to 3% of all children with brain tumors, [21] and 17.3% of all children with malignant brain tumors. This tumor was first defined by Rorke et al [22] in 1996, and was classified as embryonal tumor of the CNS by the World Health Organization (WHO) in 2016. The predilection sites of CNS AT/RT are usually located in different parts of the body, between adult and child. [23] In children, it commonly occurs in the posterior cranial fossa (61%), followed by the cerebral hemisphere (20%), the third ventricle and sella turcica (5%), the pineal region (5%), and spine (1%). [3] These tumors can invade the cranium or directly invade towards the outer cranium. [24] [25] [26] [27] [28] [29] However, AT/RT rarely occurs in the spine. [30, 31] In our hospital, 31 patients with CNS AT/RT confirmed by surgical pathology were diagnosed in the same period: The tumor occurred in the posterior cranial fossa in 14 children (45.2%), in the cerebral hemisphere in 5 children (16.1%), in the intracranial pineal region (12.9%) in 4 children (12.9%), and in the spine in 8 children (25.8%). The incidence of AT/RT in the spine is similar to that in the cerebral hemisphere and pineal region, which is higher than that reported in a literature. [3] Behdad and Perry [32] considered that the incidence was slightly higher in boys than in girls. [33] In the present study, the number of girls were slightly more than the number of boys. These were not consistent with those reported in literature. [3] It was speculated that the reason may be that these literatures commonly focused on the clinical characteristics of craniocerebral AT/RT, and all data in the present study pertained to spinal AT/RT, causing the incidence of the disease and proportion of sex to be different to a certain extent. Sinha et al [34] was the first to report that adult spinal AT/RT can be characterized by cauda equina syndrome. In present study it was consistent with that reported in literatures. Indeed, all lesions in the cauda equina and metastasis or invasion of cauda equina presented with the cauda equina syndrome. It is noteworthy that when children only presented with a headache, spinal lesions may be missed, causing loss of the best time for treatment. In the present study, 2 children underwent head enhanced MRI due to headache at 3 months prior. The result only revealed a ventriculo system dilatation, and the sign of metastasis of the whole brain and whole spinal cord was found in 1 child at reexamination. This phenominon needs to be given more attention in the future. If a child develops a headache without other incentives, while the head MRI reveals hydrocephalus or meningeal enhancement, the possibility of spinal AT/RT should be alerted, and an enhanced MRI scan of the whole spine should be performed as early as possible.
AT/RT is very invasive and grows rapidly, and the 5-year survival rate is only 33%. [35] The main causes of death are tumor recurrence or leptomeningeal dissemination (LMD). The median survival period is 21 months in adults, and decreases to 6.00 to 16.75 months in children. [19, 22, 36] The recurrence and metastasis rates were consistent with that reported in a literature by Madigan et al. [37] 
Pathological changes
Histologically, AT/RT can consist of striated muscle-like cells (13%), as well as pre-existing cell neurological epithelium (67%), mesenchymal tissue (31%), or epithelial tissue (25%). [38, 39] The immunohistochemical manifestations of AT/RT also vary. A study revealed that AT/RT is correlated to the mutation or deletion of tumor suppressor gene INI-1, which can be used to Medicine distinguish it from other embryonal tumors. Immunohistochemistry combined with INI-1 protein expression deletion is the gold standard for diagnosing AT/RT. [40] [41] [42] [43] [44] In addition, AT/RT can be positive for vimentin, EMA, SMA, synaptophysin, CD99, GFAP, S-100, and cytokeratin.
In the present study, in all children, striated muscle-like cells were found by microscopy, and the protein expression of INI-1 was absent. Among these children, intraspinal tumors and immunohistochemical indexes were basically consistent with the AT/RT diagnosis in 5 children. [45] Vimentin was not detected in 3 children with involvement of the internal and external vertebral canal, and the remaining characteristics were also consistent with the diagnosis of malignant RT.
Imaging findings
In the present study, the images of the spinal AT/RT were mainly classified into 2 types: one type is that tumors are confined in the spinal column, that is, the typical CNS AT/TR, accounting for 62.5%; the other type if that tumors affect the paravertebral tissues, accounting for 37.5%. Spinal AT/RT usually occurs at the junction of the thoracolumbar spinal cord. Tumors were located in the subdural space in 5 children, and in epidural space in 3 children, which was consistent with that reported in a literature. [46] The tumor grows along the longitudinal axis of the spinal cord, in which the upper-to-lower diameter is significantly longer than the anterior-to-posterior diameter and right-to-left diameter of the tumor, and >3 vertebral segments were affected.
On the MRI images, the tumors exhibited mixed signals on T1WI and T2WI images. T2WI images exhibited slightly higher/ iso-density signals, while T1WI images exhibited an iso-density/ slightly high signal, which was consistent with that reported in literatures. [47, 48] The results of the present study revealed that spinal AT/RT was very likely to induce bleeding (100%). [7, 49] The investigators consider that this is one of the typical signs of spinal AT/RT, and that the patterns of tumor enhancement vary. The data in the present study revealed that 62.5% of spinal AT/ RT affected the sacral canal, 75% of the spinal AT/RT exhibited spinal meningeal enhancement, and 50% of the spinal AT/RT exhibited nerve root enhancement. It was speculated that the reason may be that AT/RT has a high degree of malignancy, which easily causes cerebrospinal fluid metastases or bleeding in tumor, and the falling off of tumor cells. This is also the cause that AT/RT are characterized by cauda equina syndrome. It is noteworthy that in 4 children with obviously enhanced tumors, recurrence and metastasis occurred in 2 children after the operation, and occurred in the paraspinal soft tissue in 2 children after the operation. It remains to be determined whether a consistency exists among the degree of tumor enhancement, tumor recurrence, and the surrounding invasion. The mass wrapped around the spinal cord in 1 child resulted in swelling of the spinal cord, and the T2WI signals were elevated.
On the CT images, the masses mostly exhibited an iso-density/ slightly higher density (paraspinal and sacrococcygeal), which may be consistent with the composition of striated muscle-like cells. Furthermore, the enhanced CT scan revealed mild-tomoderate enhancement. No CT sign of bleeding in the tumor was found. The reason may be that the density resolution of CT was low, or bleeding in the tumor was at the non-acute phase.
Differential diagnosis
The extramedullary subdural tumors in children are mostly neurogenic tumors (schwannoma and neurofibroma) and meningioma. Bleeding did not easily appear in the tumor, and growth along spinal cord vertical axis and spinal meningeal nerve root metastasis are rare. Epidural tumors in children are mostly metastatic tumors, such as neuroblastoma, primitive neurotodermal tumor (PNET), and Ewing sarcoma. Calcification easily occurs in neuroblastoma, but the signs of spinal meningeal metastasis and nerve root enhancement are rare. The bone destruction of PNET and Ewing sarcoma is obvious, masses in the paravertebral soft tissue are generally large, and necrosis is more obvious than bleeding. Angiogenic lesions in the spinal cord: arteriovenous teratoblastoma and congenital hemangioma can grow along the vertical axis of the spinal cord, the spinal cord is mostly characterized by ischemic changes, and the typical manifestation is a multiple snake-like flowing-void sign (AVM) or obvious T2WI high signal (hemangioma), which can be significantly enhanced after enhancement. Furthermore, spinal meningeal and nerve root enhancement are rare.
Limitations and prospective
In the present study, the sample size was small and it is a retrospective cohort study. Most of the children left the hospital after surgery or biopsy, and went back hometown for treatment, so loss of follow-up is also a deficiency of this study.
There is no final conclusion on whether paraspinal and sacrococcygeal tumors that invade the spinal canal should be classified as spinal AT/RT. However, the imaging findings, clinical manifestations, and therapies of AT/RT in the internal and external vertebral canal were similar to those of intraspinal AT/RT, which can be combined for discussion. Furthermore, 1 child was normal before the operation in the craniocerebral nonenhanced CT, while 1 child presented with meningeal enhancement at 3 months after head craniocerebral MRI. However, it could not be temporarily determined whether the missing primary intracranial lesions were missed. Finally, the lesions in 1 child were multiple spinal segment lesions, the lesion in the cervical spinal cord was not observed in the head CT before the operation, and cervical and thoracolumbar lesions occurred 3 months later. It remains to be determined whether thoracolumbar lesion is a primary lesion.
In summary, extramedullary tumors in 2 to 5-year-old children are clinically characterized by cauda equina syndrome, and MRI suggests multiple segmental involvement at the thoracolumbar junction. When the tumor grows along the vertical axis of the spinal cord and bleeding occurs in the tumor, the possibility of spinal AT/RT should be highly considered. Biopsy combined with immunohistochemistry is the gold standard for its diagnosis. When it is suspected to be CNS AT/RT, craniocerebral and whole spinal column enhanced MRI should be routinely performed.
